This paper evaluates System Simulation as a technique for predicting the removal of US Navy Marine Gas Turbine Engines. The Navy's Allison 501K17 engine provided the data for this study. The Allison 501K17 is used for electric power generation by the Navy. A System Simulation Model was constructed using the programing language GPSS/H. Forecasts were developed using the model for fiscal years 1990 thru 1995. The model generated 21 forecasts for each year. The sample mode and mean were calculated for each year from this data. The Navy currently uses a statistical technique for forecasting engine removals. The Statistical Forecast, the System Simulation Sample Mode Forecast and System Simulation Sample Mean Forecast were compared with the actual number of removals for fiscal years 1990 thru 1994. A Chi-Square analysis was conducted to determine the goodness of fit of the forecast to the actual removals. The Chi-Square analysis showed that none of the forecasting techniques accurately predicted the removals. Additional study needs to be conducted to find a forecasting technique that accurately predicts engine removals.
INTRODUCTION
I used System Simulation to predict the removal of U.S. Navy Marine Gas Turbine Engines. A removal is a failure that requires the engine to be "removed" from the ship and sent to a depot for repair. The Navy tracks the hours of operation and removals for all their Marine Gas Turbine Engines. Annually, this data is used to predict the number of engine removals for the succeeding year. The results are used in the calculation of required spare parts, to determine the required number of spare engines and to determine the depot's budget/workload. The Navy currently uses a statistical technique to predict engine removals. The goal of my investigation was to learn if System Simulation can provide a more accurate prediction than the current statistical technique. I used System Simulation to predict removals for one of the Navy's electric power generation marine gas turbines, the Allison 501K17. The results from the system simulation model and the statistical technique are compared with the actual number of removals for fiscal years 1990 thru 1994. A forecast for fiscal year 1995 was also developed.
WHAT IS SYSTEM SIMULATION?
System Simulation is a method used to investigate and improve systems and processes. Turner (1994) states that simulation "... may be defined as a modeling technique for the study of complex systems (existing or proposed) with a view to reordering them for more efficient performance." System Simulation develops a mathematical model of the system under investigation. The model is frequently represented as a flow chart of the system. System Simulation is often called discrete-event simulation because it analyzes every discrete-event in a system. If a barber shop were being evaluated, each customer and all of the discrete events involved in the service that a customer receives are simulated. In addition to the model, the distribution of each event must be determined. In a barber shop, haircuts do not all last 7 minutes. In reality, the time to cut someone's hair varies according to some probability distribution. For instance, haircuts may last any where from 5 to 9 minutes with an average of 7 minutes. According to Proctor (1994) , "The technique of simulation consists of taking random samples from the probability distribution which represents the real world system under study.... The inputs to the model consist of the observed values and the probabilities associated with each event." Most statistical techniques use only the parameters of a probability distribution, such as its mean and variance. System simulation uses the actual probability distribution to 'simulate' each discrete event and transaction. In a barber shop simulation, some hair cuts would last 5 minutes, some 4.63 minutes and so forth according to the inputted probability distribution for length of haircuts. System simulation can be designed to collect all relevant data about a system. For example the average time customers had to wait, how long hair cuts took, what percentage were women or any other data about the system needed.
The model for a system under study is constructed in a computer programing language. There are several specialized System Simulation computer programing languages. The model for this study was programed in GPSS/H from Wolverine Software Corporation, Annandale, VA. All of the languages use random number generators to simulate actual conditions. Therefore, System Simulation is a form of Monte Carlo Simulation.
The real power of System Simulation is its ability to analyze different forms of the same system. In a barber shop the effect of increasing the number of barbers from 2 to 3 can be determined without incurring the expense of actually adding an additional barber.
System Simulation has been applied to many different applications. The following are examples: a hospital material handling system, Okogbaa, Shell and Clark (1994) ; maintenance scheduling, Paz, and Leigh (1994) ; economic justification, Badiru, Foote and Peters (1993) ; and timber harvesting forecasting, Baumgras, Hassler and LeDoux (1993) . The only limitation to the application of system simulation is the modeler's imagination.
I have chosen to use System Simulation to forecast the removal of Marine Gas Turbines used in the US Navy.
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Kurien, Sekhon and Chawla (1993) have done a similar study predicting aircraft reliability.
THE PROBLEM
The objective of this paper is to investigate techniques for forecasting the removal of Marine Gas Turbines used by the US Navy. I have applied the technique of system simulation to this problem and will compare it with the statistical technique currently employed by the Navy. This study focuses on the Allison 501K17 Marine Gas Turbine used by the Navy. The Navy uses this engine on the .USS Spruance and USS Ticonderoga class ships for electric power generation. Figure 1 is a USS Ticonderoga class ship. Electric power generation is critical to the operation of these ships. Without the engines the ships cannot get underway and fulfill their mission. Therefore, predicting accurately when these engines will be removed is critical. This ensures that a spare will always be available to replace failed engines and that there is sufficient depot resources to repair the failed engine so that it will be available as a spare.
The engine is approximately 8 feet long and 2 feet in diameter. It can produce 4,000 horsepower. Figure 2 is a drawing of the engine. There are 184 engines installed on board ships (three per ship). The replacement cost of the engine is $1,500,000. The cost of an overhaul is $170,000. The prediction is used to set the budget of the overhaul facility where the engines are repaired. Figure 2 In the Navy funding for overhauls is provided annually. Money that is not expended in the current year expires and cannot be used in the subsequent year. Likewise, getting additional funding at the end of a fiscal year is extremely difficult if all of the funding has been expended and there are engines still in need of repair. Additionally, sponsors are reluctant to continue to fund activities that cannot meet their budget targets.
In summary, accurate forecasts of the Allison 501K17 Marine Gas Turbine are required to ensure that ships can accomplish their missions and that budgeted funding is neither wasted nor insufficient. Therefore, the problem is finding an accurate forecasting tool for Marine Gas Turbine Engine removals.
STATISTICAL FORECASTING TECHNIQUE
Both techniques calculate their forecasts based on the number of operating hours accumulated since an engine was removed for depot repair. This is called an engine's Time Since Removal or TSR. The statistical technique assumes an average annual operating profile for each engine. For instance, the assumption is made that all engines will operate 3,000 hours for a year. 3,000 hours is then added to the historical age of each engine. Hazard rates --i.e., probabilities of removal --are calculated for each band or range of TSR hours. For example, it is estimated that 1% of the engines operating in the TSR band of 0-1,000 hours will be removed, 2.3% of the engines operating in the TSR band of 10,000-11,000 hours will be removed, with a hazard rate established for every band of TSR hours. Total number of removals are calculated by applying the hazard rates to the predicted number of engines operating in every band of TSR hours. The annual operating profile and hazard rates are developed using the previous three years of historical operating data.
SYSTEM

SIMULATION. FORECASTING TECHNIQUE
The System Simulation forecasting technique develops a model that simulates the operation of each individual engine for a year. The computer simulation language GPSS/H was used to program the model. Each month of operation is simulated. Monthly hours of operation are determined by a continuous function. The probability of an engine removal is a discrete function of its accumulated TSR hours. The number of removals is accumulated during the simulation as they occur. Two event distribution functions were required to simulate removals of Marine Gas Turbine Engines --the monthly hours function and the removal rate function. The functions for monthly hours and for removal rates are developed using the previous three years of historical data. These functions describe the probability distributions of the two events occurring in the model, monthly hours of operation and engine removal. Each month for each engine, hours of operation are accumulated and the engine is 'tested' to determine if a removal occurred. 
Monthly Hours Function
Figure 3
Consequently, the probability an engine would operate for zero hours was calculated. GPSS/H uses this data to calculate the continuous function for Monthly Hours. Figure 3 is the graph of the Monthly Hours Function for predicting Fiscal 1994 monthly hours. Similar graphs were developed for each fiscal year investigated. The Removal Rate Function is a discrete function. The function is derived from the previous three years of operation. Intervals were selected that contained at least one failure in the historical data. Further investigation of removals with low TSR hours was necessary to account for the relatively higher rate of failures that occur when engines are first installed. Satisfactory results were obtained by starting with the interval 0 to 50 hours. GPSS/H used this data to calculate the discrete function for Removal Rate. Figure 4 is the graph of the Removal Rate Function for 1994. Similar graphs were developed for each fiscal year investigated.
Development of Event Distributions Functions
The Monthly Hours Function is a continuous function. The function is derived from the previous three years of operation. Using 50 hour intervals, I calculated the probability an engine would operate in each interval. Zero hours of operation was treated as a special case because there are months when an engine is not operated at all. 
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System Simulation Model Figure 5 is a conceptual flow chart of the simulation model. Engines are generated one at a time by the model with its associated historical TSR from an input file. Monthly hours are determined for the engine by the Monthly Hours Function and added to the engine's TSR. The removal rate for that month is determined as a function of the engine's accumulated TSR. Next, the engine is tested to see if a removal occurred. If a removal did not occur, the model checks to see if 12 months have elapsed. The engine is cycled through the model 12 times to simulate an entire year. Once this has occurred, the engine is terminated --released --from the model. When a removal occurs the engine is taken from the Monthly Segment and run through the Removal Segment. Here the engine TSR is reset to zero, simulating the repair. The model accumulates the number of removals. Then the repaired engine is returned to the monthly segment. I assumed, for this model, that there is always a spare engine available to replace the removed engine and that this occurred in the same month as the removal. A total of 184 engines were cycled thru the model to simulate each fiscal year.
DATA ANALYSIS AND COMPARISON
This study investigated the forecasts for six fiscal years. The fiscal year for the US Navy is October to September. I investigated 1990 thru 1995. For each fiscal year the simulation was run 21 times (note: 21 runs were selected arbitrarily based on the author's experience with system simulation). The sample mode and mean of the 21 runs were calculated for each fiscal year. For each year the actual removals were compared with the Statistical Forecast, the System Simulation Sample Mode Forecast and the System Simulation Sample Mean Forecast. Figure  6 presents this data in a bar chart graph. The actual removals for 1995 are updated as of July 1995. From figure 6 , it appears that none of the forecasts provide a good representation of the actual removals. All of the techniques forecasted removals higher than the actual. I used Chi-Square analysis to find the goodness of fit of each forecast to the actual removals. The following The Chi-Square Analysis confirms that none of the forecasts accurately reflect actual engine removals. The Chi-Square Value for each forecast exceeded the critical value of 9.49 (upper-tail probabilities where the significance level a=0.05 & degrees of freedom (df) = 4). However, the System Simulation Sample Mean Forecast provided the lowest Chi-Square Value.
The Chi-Square was calculated with the following formula.
The following table provides the results of the Chi-Square 'calculations.
CONCLUSIONS AND RECOMMENDATIONS
The two system simulation techniques are just as accurate for forecasting the removal of Allison 501K17 Marine Gas Turbines as the statistical technique currently used. However, none of the techniques provide an accurate forecast. All three techniques provided forecasts higher than the actual number of removals. The System Simulation Forecasting technique should be investigated with other Navy engines and compared with the Statistical Forecast to determine if these engines will produce similar results. Investigation should also be conducted to learn if the System Simulation model can be refined to more accurately predict engine removals. Additional forecasting techniques should also be explored. Lastly, the quality of the forecasts should be continually monitored using ChiSquare Analysis. 
